Abstract-Plasmonic waveguides are strategic compact structures consisting of nanoscale components and/or particles to carry the light. Here, by proposing a systematic and artificial configuration of fused nanoparticle assemblies, we develop an optothermally controllable plasmonic waveguide with high and tunable decay length for propagation of both single-and multimode waves. Using symmetric nanoplasmonic clusters based on phase-change material, here Ge 2 Sb 2 Te 5 , allowed us to efficiently control the beam propagation length and quality at the global telecommunication bands (λ ≈ 850 nm and λ ≈ 1550 nm). Employing both finitedifference time-domain and finite element method as numerical tools, we accurately computed the critical components of the proposed multifunctional plasmonic light carrier. We believe that the tailored subwavelength optical waveguide paves new approaches to develop practical advanced next-generation nanophotonic technologies.
I. INTRODUCTION

S
HUTTELING of photoinduced surface plasmon polaritons over large distances through optical waveguides [1] , [2] has been acknowledged as a key component for designing several nanophotonic devices including but not limited to on chip hybrid polarization beam splitters [3] - [5] , optical power splitters [6] , [7] , modulators [8] , [9] , demultiplexers [10] , [11] , visible and terahertz lasers [12] , [13] , integrated optic-based circuits [14] , biosensors [15] , [16] , detectors [17] , etc. The need for developing ultrafast, ultracompact, and substantially efficient plasmonic and nanophotonic devices has stimulated researchers to exploit the deep subwavelength confinement of plasmon polaritons as an exquisite advantage to tailor waveguiding platforms [18] ern plasmonic waveguides such as using hybrid guiding feature [19] , [20] , chain of nanoparticles [21] - [23] , fused nanoparticle clusters arrays [24] , metal-insulator-metal (MIM) waveguides [25] - [27] , etc. All these techniques have been proposed to squeeze the dimensions of the interconnect technology and enhance the bandwidth of interchip applications. However, due to suffering from dramatic losses, propagation of both electric and magnetic plasmons restricted to a few micrometers (≈1 μm) [20] , [28] . As a specific and recent boost, Liu et al. [24] , [29] have demonstrated the manipulation and distribution of magnetic plasmons in long ranges (up to 5 μm) would be possible using arrays of Fano-resonant clusters waveguides. To address the inherent shortcomings of plasmonic waveguides, as promising alternatives, all-dielectric optical waveguides based on high-index dielectric nanoparticles have been introduced to carry both electric and magnetic dipolar modes with high decaylength along the visible to the near-infrared region (NIR) via dipole-dipole interaction between proximal nanoparticles in a chain [30] - [32] .
Though both plasmonic and all-dielectric waveguides offer superior localization and long range transportation of optical energy, respectively, they suffer from less tunability, specially for propagation both single-and multimode beams propagation. Tailoring multiresonant waveguides is a practical solution to address such a fundamental limitation. However, modern nanoplasmonics based on conventional components does not respond to this demand. To this end and to develop a multiresonant, low-loss, and long decay-length optical waveguide with the ability to support both single-and multimode beams, we employed optothermally controllable compounds. Recently, phasechangeable substances (e.g., vanadium dioxide (VO 2 ) [33] , and Ge 2 Sb 2 Te 5 [34] ) have received growing interest due to holding promise for tailoring advanced low-loss photonic devices (i.e., modulators [35] , [36] , reconfigurable antennas [37] , optoelectronic devices [38] - [40] , beam steering [41] , metamaterials [42] - [44] , etc.) and rewritable data storages [45] - [47] . Belonging to the chalcogenide and nonvolatile alloys, these materials reflect opposite spectral properties at different phases of the material (amorphous and crystalline) depending on the respective critical temperature [48] . The transition between opposite phases can be successfully realized by applying heat, pulse, and bias as external heat sources. The experimental results have shown that phase-change materials show dielectric and conduc-tive behavior at certain temperatures, for instance, the transmission between the opposite phases of VO 2 happens at 68
• C [33] , [38] , [40] , while for Ge 2 Sb 2 Te 5 (GST) the phase switching performs at 477
• C [34] , [35] , [49] . Comparing various phase-changing materials, as a specific compound, GST holds its current state without the presence of external heat stimuli.
This work is the first report of subwavelength waveguiding through resonant Fano clusters based on a phase-change substance, supporting both single-and multimode beams. Using artificial plasmonic heptamer molecules based on closelypacked GST nanodisks in straight fashion, firstly, we defined the spectral response of the symmetric six-member assemblies in both amorphous and crystalline regimes. Employing full numerical analysis based on finite-difference time-domain (FDTD) and finite-element methods (FEM), we determined the possibility of supporting Fano lineshapes in dielectric (λ ≈ 850 nm) and conductive (λ ≈ 1550 nm) states of GST nanodisks. Then, by increasing the number of GST-based heptamers in fused regime, according to Ahmadivand et al. analysis [50] , we developed a tunable optical waveguide with the ability to transport the magnetic plasmons along the tailored path. Our numerical results verified the exquisite feature of the waveguide to support single-mode beam in dielectric state and multimode beam in conductive regime with different decay-lengths.
II. MATERIALS AND METHODS
To understand the physics behind the formation of resonant modes and distribution of beams through the waveguide, we carried out both FDTD and FEM numerical tools to extract the optical properties of the waveguides accurately. For the FDTD analysis (Lumerical 2017b), we restricted the workplace in the three-dimension (3D) using perfectly matched layers (PML) as boundaries with the spatial grid cell sizes as d x = d y = d z = 2 nm with an intent to resolve the heptamers morphology and interparticles gaps while maintaining judicious computational dimension. Our numerical analyses presented here use ∼40 fs plane wave pulse centered at the Fano dips wavelengths with the average power of ∼4 mW. For the FEM analysis (COMSOL Multiphysics), we applied RF module, and the charge density plots were generated by executing Gauss's theorem across the surface of subwavelength waveguide in both all-dielectric and plasmonic regimes.
The employed materials data in the simulations were obtained from experimentally reported values. Accordingly, the permittivity data for the GST in both states was taken from experimentally measured constants by Shportko et al. [51] for GST nanodisks. In addition, the Lorentz-Lorenz effective medium expression [37] , [52] - [54] was implemented to define the crystallization phase of GST compound. Fig. 1(a) shows a representation of the designed study, illustrating the propagation direction of the incident beam (not to scale). The proposed subwavelength waveguide consists of a chain of twisted heptamer clusters in a straight fashion. Fig. 1(b) exhibits the geometrical parameters of the proposed optical waveguide in a top-view. Following geometrical dimensions were applied: r (radius of GST nanodisks) = 130 nm, d (the interparticle gap distance between the outer and inner nanodisks) = 15 nm, and the thickness of the entire nanoparticle-based waveguide is homogenous and set to 80 nm. It is assumed that the waveguide is deposited on glass (SiO 2 ) substrate with the relative permittivity of ε ≈ 2.1. In addition, the dimension of the substrate is 1.
III. RESULTS AND DISCUSSION
To analyze the spectral properties of the proposed GST nanodisks-mediated waveguide, we initially calculated the extinction cross-sectional profile for six fused heptamers with both amorphous-and crystalline-GST nanodisks (a-GST and c-GST), as plotted in Fig. 2(a) . This would help us to predict the optical response of the waveguide with longer fused heptamers array. It is presumed that the light source is located at the leftmost of the waveguide. Obviously, for the waveguide based on a-GST nanoparticles, the waveguide acts similar to the alldielectric waveguides [31] , [32] , and a magnetic Fano lineshape is induced at λ ≈ 850 nm. The excitation of magnetic Fano dip is because of the opposite resonant behavior of the central and surrounding nanodisks, explained comprehensively in Refs. [55] , [56] . According to discrete dipole approximation (DDA) concept, the Fano dip originates from the destructive interference of the resonant and non-resonant modes exciting from central and peripheral nanoparticles, respectively. Conversely, switching the phase of the GST nanoparticles to the crystalline state gives rise to formation of a plasmonic waveguide, supporting a distinct Fano minimum at λ ≈ 1550 nm. Formation of Fano lineshape here is the result of weak and destructive interference between the broad bright and narrow dark resonant modes arising from a single nanocluster in the retarded limit [57] - [59] . Accordingly, in the position of Fano lineshape, we expect strong absorption of incident beam due to suppression in the dipolar bright peak and substantial enhancement in the absorption cross-section.
It is well-accepted that manipulation of magnetic resonances accompanies low-losses and longer decay-length due to absence of radiative lossy components correlating with the electric dipole [24], [29] . Hence, by considering the excited Fano dip positions as fundamental wavelengths for the proposed optothermally controllable waveguide, we facilitated waveguiding of both single-(λ ≈ 850 nm) and multimode (λ ≈ 1550 nm) beams propagation through a single device with high efficiency. Fig. 2(b) and (c) exhibit the charge density maps as E-field plots for both examined amorphous and crystalline phases of nanodisks at the Fano dip wavelengths, obtained by FEM analysis. As discussed previously, according to DDA method for all-dielectric nanoclusters and plasmon hybridization theory for metallic assemblies [60] , owing to the absence of net electric dipole moment at the mentioned Fano dip wavelengths, the magnetic dipole moment propagates along the nanocluster waveguide in both regimes of GST. Here, the magnetic resonant modes couple and propagate along the twisted nanoassemblies with low-losses because of strong damping of bright mode correlating with the electric dipole. As obvious it is in the charge density plot, the magnetic dipolar moments oscillate in antiparallel directions in proximal clusters and couple from the previous heptamer to the next one. In terms of magnetic dipole strength, the induced and coupled magnetic moments in the waveguide with plasmonic properties (c-GST) is much more intense than the waveguide with dielectric characteristics (a-GST). However, the intensity of the induced resonances decays faster in plasmonic waveguides due to high energy dissipation in metallic components, while for the all-dielectric assembly, the lifetime of charges is Fig. 3. (a) , (b) Charge density plots of magnetic field steerer for the optical waveguides in a-GST and c-GST regimes, respectively. much more and the corresponding decay rate is lower. This can be better understood by increasing the length of the Fano cluster waveguides. Fig. 3(a) and (b) demonstrate the charge density plot for the formation and coupling of magnetic moments along the six-member waveguides with all-dielectric and plasmonic features, illustrating the antiferromagnetic magnetic dipoles. For the waveguide with a-GST disks, the antiparallel magnetic field distribution is much clear and the induced currents splitted into two sections in a single cluster, while for the waveguide with c-GST nanoparticles, each cluster support opposite currents flows.
Next, by increasing the number of the Fano clusters to 44 individual units, we analyze the waveguiding properties and the corresponding decay lengths for both all-dielectric and plasmonic waveguides. Starting with Fig. 4(a) and (b), we computed and plotted the normalized time-averaged powers in logarithmic scale as a function of both dielectric and plasmonic waveguides lengths. These profiles help to understand and realize the big difference between two waveguides. For the alldielectric waveguide, at the fundamental Fano dip wavelength (λ ≈ 850 nm), the corresponding optical power decay exponentially and reaches close to zero above 45 μm. In the c-GSTmediated waveguide, at the fundamental Fano dip wavelength (λ ≈ 1550 nm), the average power curve drastically decays to zero around 30 μm of Fano clusters arrays. Such a big gap between decay lengths was predictable due to lossy behavior of c-GST component when acts similar to metallic components. The insets are the average power peaks as a function of propagation length, utilized to quantify the decay length of the waveguides. Consequently, for the incident electric field with the amplitude of 10 12 (V/m), the corresponding equation for the fitted energy flow can be written as a function of propagation distance: P = 3.2 × 10 −4 exp ( − x/45 μm) and P = 5.4 × 10 −5 exp ( − x/30 μm) for all-dielectric and plasmonic waveguides [29] , respectively.
Next, we also extract the transmission loss factors for both a-and c-GST-mediated waveguides. To this end, we monitored the E-field distribution along both plasmonic and all-dielectric waveguide, as illustrated using logarithmic E-field peak values in Fig. 5(a) and (b) . As the source wave radiates along the chain of clusters, the E-field decays exponentially, proportional to |E| 2 ∝ exp(−γx) [23] , [27] , [61] , where γ is signaldamping coefficient in the propagation direction. The transmission loss factors for the amorphous and crystalline states of GST are estimated 3 dB/43 μm and 3 dB/33 μm, respectively. These values are calculated by linearly fitting the acquired data in the logarithmic scale. Considering the fine agreement between the decay length and transmission loss factor, as we expected, there is a substantial difference in the corresponding loss factor between two inherently opposite waveguides. Therefore, we would be able to develop a single, multiresonant and multifunctional waveguide with different decay lengths for transmission of single and multimode beams with high decay-length and trivial transmission loss factors for next-generation telecommunication applications.
IV. CONCLUSION
In conclusion, we have analyzed the spectral features of a multiresonant optical waveguide for carrying both single (850 nm) and multimode (1550 nm) beams based on fused nanoparticle clusters with optothermally controllable material (GST). The opposite dielectric response of GST at different temperatures allowed us to design a multifunctional optical waveguide to support and manipulate two different beams at the corresponding Fano resonance wavelength. We have verified that the manipulation of magnetic moment in metallic state (plasmonic regime) and dielectric state (all-dielectric) of assemblies leads to propagation of induced resonant moment with significant decay-length and low-loss transmission factor in both regimes. We envision that the proposed waveguide can be exploited successfully for developing high-performance and efficient energy transport components including but not limited to developing beam splitters, interferometers, modulators, demultiplexers, and other key photonic devices.
